SUMMARY
A cell-free enzyme system from cultures of Fusarium culmorum catalyses the 12,13-epoxidation of semi-synthetic 9/3,10/3-epoxytrichodiene to 9/3,10/3;12,13-diepoxytrichodiene. This enzyme activity may be involved in the biosynthesis of trichothecene mycotoxins and since the 12,13-epoxide is known to be essential for toxicity, the enzyme activity probably confers the toxic properties associated with this group of mycotoxins. The epoxidase requires NADPH and molecular oxygen, is inhibited by carbon monoxide, and thus appears to be a cytochrome P-450-dependent mono-oxygenase. Whole cell cultures of the fungus carry out the same biotransformation, and in addition hydroxylate the diepoxide product at
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INTRODUCTION
The trichothecenes are a group of natural sesquiterpene mycotoxins based on a parent 12,13-epoxytrichothec-9-ene (1) skeleton, but usually containing one or more additional oxygen substituents ( Fig. 1) [1] . The 12,13-epoxide function is known to be essential for toxicity, and indeed, mammalian systems have been observed to remove this epoxide as part of a detoxification mechanism [2, 3] . Trichodiene (TDN, 2) is a demonstrated precursor in trichothecene biosynthesis [4, 5] , and more recently, the epoxy derivative isotrichodiol (ITdiol, 4) has been shown to be a post-TDN intermediate [6] . This is believed to be produced from TDN via 1 la-hydroxyTDN (3), followed by epoxidation and hydroxylation, though the order of these two steps is not known [6, 7] . ITdiol was first isolated from cultures of Fusarium culmorum treated with large amounts of TDN, and its accumulation may result because of exhaustion of cofactors necessary for trichothecene biosynthesis. However, similar accumulation of ITdiol was observed when a number of unnatural semi-synthetic TDN analogues such as 9/3,10¢t-epoxyTDN (g) and 9/3,10/3;12,13-diepoxyTDN (6) were fed in the same way [7] . Such compounds may be acting as enzyme inhibitors, perhaps blocking an essential post-ITdiol cyclase system [7] . In some cases, the TDN analogue was also metabolized by the fungus, and this communication describes the epoxidation of S to 6 in whole mycelia, and also in a cell-free system from F. culmorum, which has provided information on the enzyme activity and cofactor requirements prior to more detailed enzymological investigations. This epoxidase activity is likely to be that involved in trichothecene biosynthesis, thus conferring toxicity to the molecules.
MATERIALS AND METHODS

Culture of fungus
F. culmorum CMI 14764 was maintained and grown on Czapek Dox media as described [7] . General methods for the isolation, separation and purification of toxins have been reported [7] .
Chemicals
Trichodiene and [14C]trichodiene were obtained from F. culmorum cultures inhibited with xanthotoxin (0.1 mM) [7] . 9/3,10/3-Epoxytrichodiene and 9/3,10/3;12,13-diepoxytrichodiene were synthesized from trichodiene by reaction at room temperature with m-chloroperoxybenzoic acid in dichloromethane containing Na2HPO 4 using published general procedures [8] 
Whole cell feeding experiments
Compounds were dissolved in acetone (1 ml/80 rag) and fed to washed mycelia (7 g wet weight; 42 h old) suspended in distilled H20 (60 ml). After 6 h incubation at 28°C (250 rpm) the products were extracted with ethyl acetate and purified by centrifugal TLC.
Cell free system
Filtered and washed 3 day old mycelia (12 g wet weight) were suspended in 100 mM potassium phosphate buffer (pH 8.0; 80 ml) containing 250 mM sucrose. The mixture was cooled to 0 °C and liquidized for 15 s in a blender. The fragmented mycelia were then ruptured at peak pressure of 10-20000 psi in a microfluidizer (Microfluidic Corp. model 110T, Newton) precooled with ice. The homogenate was centrifuged at 2500 × g for 15 rain at 4 °C. The supernatant was used immediately, or stored in liquid nitrogen.
Enzyme assay
[14C]-9/3,10/3-EpoxyTDN (1.78 kBq mg-~, 0.05 rag) in acetone (25 gl) was added to a mixture of 0.5 ml cell-free extract and 4 ml potassium phosphate buffer (100 raM, pH 8.0) containing EDTA (1 mM). The reaction was initiated by addition of 0.5 ml of a buffered NADPH solution (10 raM) and incubated at 27 °C and 250 rpm. Concentrations in the standard reaction (final volume 5 ml) were: potassium phosphate buffer (pH 8.0), 100 raM; EDTA, 0.9 raM; 9/3,10/3-epoxyTDN, 45/xM; acetone, 0.5% v/v; NADPH, 1 mM; sucrose, 25 raM; cell-free protein, 0.65 mg. After 1 h, the reaction was terminated by extraction with redistilled ethyl acetate (18 ml). The extract was dried over anhydrous magnesium sulphate, filtered, and evaporated to dryness. The residue was taken up in ethyl acetate (50 txl) and applied as a single spot to a TLC plate (silica). This was developed using hexane-ethyl acetate (4: 1) as solvent system. Radiolabelled diepoxide product was 1o-243 cated via autoradiography, scraped off and counted.
As the epoxidase activity was highly unstable, enzyme activity could not be expressed as a rate, but was assessed in terms of total product formation. The total incorporation of label into 9/3,10/3;12,13-diepoxyTDN was calculated, and expressed relative to that obtained with the standard assay system. In some cases, enzyme activity was also expressed in units of nM of 9/3,10/3-epoxyTDN converted per mg of cell-free protein.
All reactions were incubated for 1 h, which was far in excess of the life span of the enzyme.
RESULTS
Whole cell feeding experiments
TLC-autoradiography of extracts from F. culmorum mycelia incubated with 0.25 mg [lac]-9/3,10/3-epoxyTDN revealed three labelled substances which gave purple colours with PNBP [4-(p-nitrobenzyl)pyridine] spray reagent [9] , indicative of epoxy derivatives. One of these cochromatographed with the substrate, and the two more polar products were formed each in approximately 7-8% yield. No transformations were obtained in control experiments with boiled mycelia. A larger scale feeding with 40 mg 9/3,10/3-epoxyTDN allowed isolation of these products and their characterization by MS, [~H] NMR and [13C] NMR spectroscopy. One product (2 rag) was shown to be 9/3,10/3;12,13-diepoxyTDN and was identical to a synthetic sample. The second, most polar, product (3.2 rag) was identified as 3c~-hydroxy-9/3,10/3;12,13-diepoxyTDN (7). This material (8 rag) was also produced as the only major metabolite when 9/3,10/3;12,13-diepoxyTDN (40 rag) was administered to the whole cells.
Cell-free system
A cell-free system from F. culmorum mycelia was obtained by microfluidization and then centrifugation. Enzymic epoxidation of 9/3,10/3-epoxyTDN to 9/3,10/3;12,13-diepoxyTDN was demonstrated in the presence of NADPH and oxygen. NADH could not be substituted for NADPH, and did not enhance the activity with NADPH (Table 1) . FAD had no stimulatory effect on activity in the presence or absence of NADPH. A requirement for oxygen was demonstrated by inhibition of the epoxidation under a nitrogen atmosphere. The reaction was strongly inhibited by carbon monoxide in the presence of oxygen. Epoxidation was sensitive to pH, with maximum product formation occurring around pH 8.0. Under the conditions used for the cell-free system, formation of 3a-hydroxy-9/3,10/3;12,13-diepoxyTDN (as encountered in the whole cell system) was never observed. Extensive experimentation with [14C]TDN as substrate for the cell-free system proved unsuccessful. The epoxidase activity was short-lived, with complete loss of activity occurring after 30 min incubation at 27 ° C. Stability was not enhanced by addition of sucrose (250 raM), bovine serum albumin (20 mg ml-1), dithiothreitol (0.5 mM), phenylmethylsulphonyl fluoride (0.25 mM) or Fe 2+ (0.5 mM). However, substrate turnover was increased 2.5-fold by conducting the reaction at 14°C, indicating the de-activation process is probably thermal in nature. At this temperature, turnover expressed in terms of product formation was 25.4 nM per mg protein. Enzyme activity was stable for several weeks when stored in liquid nitrogen, then thawed slowly on ice.
DISCUSSION
These results demonstrate for the first time a single-step enzymic epoxidation at position 12,13 of a trichodiene derivative. For trichothecene biosynthesis, epoxidation is likely to involve either 1 lc~-hydroxyTDN or 2c~,11 a-dihydroxyTDN as substrate [6, 7] , but neither material was available to us for testing in the enzyme system. The unnatural substrate employed, 9/3,10¢3-epoxy-TDN, has substitution in ring A, but no substitution in ring B, so it is probable that lla-hydroxy-TDN may be the natural substrate, assuming that the enzyme activity demonstrated here is in fact the same as that involved in the normal biosynthetic sequence, l la-HydroxyTDN has been isolated from a mutant strain of F. sporotrichioides blocked in its ability to synthesize trichothecenes [101.
Oxygen atoms in the epoxide and hydroxyl groups of the trichothecene T-2 toxin are known to be derived from molecular oxygen [11] , and mono-oxygenase enzymes are thus believed to be responsible for both the epoxidation and hydroxylation reactions. By supplying specific monooxygenase inhibitors to cultures of F. sambucinum [12] or F sporotrichioides [13] , these oxygenation reactions can be markedly suppressed, resulting in the accumulation of high levels of TDN. The requirement of the F. culrnorum enzyme system for molecular oxygen and NADPH suggests the epoxidase is a cytochrome P-450-dependent mono-oxygenase system, which is further supported by the observed inhibition with carbon monoxide. Although a number of terpenoid epoxide derivatives are known in nature, little information is available at the enzymic level concerning introduction of the epoxide group during biosynthesis. One epoxidase system which has been studied in some detail is squalene epoxidase, which is involved in the biosynthesis of triterpenes and steroids. Squalene epoxidase from rat liver or the yeast Candida albicans requires molecular oxygen, NADPH or NADH, and FAD for activity, but does not belong to the cytochrome P-450 class of enzyme [14] . However, P-450-dependent epoxidases are known to be implicated in the metabolism of fatty acid derivatives such as arachidonic acid [15] .
The enzyme extract from F. culmorum was unable to transform TDN, which may demonstrate that activation of the A-ring is required before epoxidation can occur. Furthermore, the conditions employed were presumably not conducive to ring A hydroxylation thus yielding the natural substrate. Similarly, the 3-hydroxylase present in the whole cell system and responsible for hydroxylation in ring B and production of 7 was not active in the cell-free extract. The accumulation of TDN in F. culmorum cultures treated with xanthotoxin [6, 7] suggests that the first hydroxylase yielding lla-hydroxyTDN is probably inhibited by this agent and accounts for the observed build up of the hydrocarbon. The wholecell hydroxylation of 9/3,10/3;12,13-diepoxyTDN at position 3 is noteworthy in that in the normal pathway to oxygenated trichothecenes in F. culmorum, this step occurs after 2-hydroxylation but before cyclization to the trichothecene [7] . Consequently, it may be deduced that the unnatural substitution in ring A does not allow the 2-hydroxylase to function, but has less effect on the 3-hydroxylase. If cyclization occurs before 3-hydroxylation, then the parent trichothecene (I) is produced, but this is converted into modified structures such as sambucinol, rather than oxygenated trichothecenes [16] . 
